This paper describes a modeling of attitude dynamics of spinning solar sail spacecraft under influence of solar radiation pressure (SRP). This method is verified and actually exploited in the attitude and trajectory guidance operation of Japanese interplanetary solar sail demonstration spacecraft IKAROS. IKAROS shows a unique attitude behavior due to strong SRP effect. This paper introduces a new generalized dynamics model called Generalized Spinning Sail Model (GSSM), which clearly explains physics behind the observed phenomena with only three parameters. Precise understanding of attitude dynamics through the GSSM led to 6 months of world first interplanetary trajectory guidance of solar sail-craft toward Venus. The GSSM also contributed to realize a zero-fuel spin axis maintenance for most of the flight path before the Venus flyby. In this paper, an overview of IKAROS attitude and trajectory control operation in the cruising phase, derivation of the proposed model and its implementation to the actual IKAROS operation are shown.
Introduction
This paper describes a modeling of attitude dynamics of spinning solar sail spacecraft under strong influence of solar radiation pressure. The method is being used by and has been improved through actual attitude and trajectory guidance operation of IKAROS.
IKAROS is a solar sail technology demonstration spacecraft developed by Japan Aerospace Exploration Agency (JAXA). The spacecraft was launched on May 21st, 2010 together with JAXA's Venus climate orbiter "AKATSUKI (Planet-C)" as an interplanetary piggy-back payload.
JAXA has been proposing a concept of "Solar Power Sail" for future deep space exploration 1) . It combines the concept of solar sail (photon propulsion) with a larger power generation by flexible solar cells attached on the sail membrane. IKAROS is the precursor mission to demonstrate the key technologies for the solar power sail concept, which are (1) deployment of large sail in space, (2) power generation by means of thin film solar cells attached on the sail, (3) confirming the acceleration by solar radiation pressure exerted on the sail and (4) demonstration of the interplanetary guidance and navigation of the solar sail spacecraft 2) . The uniqueness of the solar sail system adopted in IKAROS is that the sail is deployed and kept extended only using a centrifugal force by spacecraft's spinning. Thus it does not need spars to keep the structural shape of the sail, which contributes to a simple and light-weight sail system.
The successful deployment of the solar sail was achieved on June 9th 3, 4) , when IKAROS has become the world's first interplanetary solar sailer (Fig.1) . The solar radiation pressure exerting on the sail strongly affects both translational and rotational motion of the spacecraft. IKAROS successfully passed by Venus on December 8, 2010 at the closest distance of 80,800km, when we declared the completion of the nominal mission phase. The trajectory during the nominal mission phase is shown in Fig.2 .
Though the spacecraft attitude is basically stabilized by spinning, the spin axis (both rate and orientation) is always changing with respect to the inertial frame due to this solar radiation pressure (SRP) effect. Thus the trajectory guidance and attitude control are coupled through the SRP effect. This paper describes the modeling of the solar radiation pressure (SRP) effect for spinner solar sailer. A SRP model for spinner sail craft called Generalized Spinning Sail Model (GSSM) has been developed for this purpose. Generalization of solar sail dynamics was found in some papers. None of them, however, apply it to spinning sail. The Generalized Sail Model, proposed by Rios-Reyes, et.al. 5, 6) , is a complete expression of sail dynamics with a perfect generalization for the sail shape, but number of parameters in it is so many that the parameters identification is difficult in practical case, especially in spinner solar sailers case. The GSSM, proposed in this paper, consists of only three parameters to be identified from flight data, all of which are easily observable, and is proved to be able to reproduce the attitude dynamics under the SRP effect to the level sufficient for attitude and trajectory maintenance of spinner solar sail spacecraft.
An overview of IKAROS attitude and trajectory control operation, derivation of the GSSM and its implementation to the actual IKAROS operation are shown in this paper.
In-Flight Attitude Behavior of IKAROS

IKAROS solar sail system
The main payload, Solar Sail, is a 14m×14m rectangularshaped membrane whose base material is 7.5μm thickness polyimide. Several active devices such as flexible solar cells, reflectivity control devices and dust particle detectors are attached on the sail surface. The sail is kept extended only by centrifugal force of the spacecraft spinning. Hence the spin rate of IKAROS has been always maintained between 1rpm and 2.5rpm in the nominal mission phase. More detail descriptions of IKAROS mission, system configuration and solar sail design can be found in Reference 3) . The attitude determination of IKAROS is realized by the Sun and Earth angles measurement. The sun angle is measured by Spin Sun Aspect Sensors. The Earth angle is measured by Doppler modulation of the downlink RF caused by the spacecraft spinning. For this purpose the antenna location is intentionally offset from the spin axis. The spin axis orientation with reference to the inertial frame is determined by these two angles.
The attitude control is done primarily by Reaction Control System (RCS) gas jet 7) . IKAROS experimentally carries RCD (Reflectivity Control Device) which is a liquid crystal-based variable-optical property sheet driven by electrical power.
RCSs are attached on the edge of the sail to enable the attitude control by SRP without consuming fuel [8] [9] [10] . 
Attitude behavior in cruising phase
The IKAROS sail was successfully deployed on June 9, 2010. The detailed report on the sail deployment operation is found in References 5, 6) . The shape of in-flight sail was photographed by two DCAMs (Deployable CAMeras) on June 14th and 19th (Fig.1 ). These pictures provided us a basis on the knowledge about on-orbit sail shape.
The attitude behavior after the sail deployment has been strongly depending on the Solar Radiation Pressure (SRP) torque. Figure 3 shows a history of the spin axis orientation with respect to the sun direction. As the spacecraft before the sail deployment is a pure spin-stabilized rigid body, its spin axis is inertia-fixed. Hence seen in the sun-fixed coordinates, the spin axis remains horizontal and straight as observed in Fig.3 . This situation has completely changed after the sail deployment, when the spin axis started circling around a certain point with decreasing radius (Fig.3,4) . Moreover, the curvature of this circling behavior tends to increase as the spin rate decreases. This phenomenon is understood as a result of the SRP torque affected on the sail. Let this phenomenon be called "spiral behavior" hereafter.
Another SRP torque effect has been observed in the spin rate. The spin rate before the sail deployment was constant. This is simply a result of the law of angular momentum conservation. We have observed a constant spin rate decrease since the sail deployment completion. This phenomenon is observed to get stronger as the spin rate decreases (Fig.5) . This is also understood as a result of the SRP torque exerted on the sail. Let this phenomenon be called "wind-mill behavior" hereafter.
Generalized Spinning Sail Model
This section first introduces an outline of the Generalized Spinning Sail Model (GSSM) which provides a clear physical interpretation about the spiral and wind-mill behaviors. The detailed derivation of the GSSM can be found in the authors' other papers 3, 4) .Then we show how the model parameters of the GSSM is identified in the IKAROS operation.
Derivation of GSSM
We start our derivation from the Generalized Sail Model (GSM). The GSM derives the necessary and sufficient dynamics parameters to represent arbitrary-shaped and arbitrary-distributed optical property sails. The number of force parameters (translational motion) is 19 and the number of torque parameters (rotational motion) is 27. Basic idea of the GSSM derivation is to reduce this degree-of freedom by spin-averaging.
The GSM provides the following compact expression for SRP torque exerted on general sails.
where P is a solar radiation pressure, S is a sail area, r l is an arbitrary reference length. 
where 
where α and δ are spin-averaged right ascension and declination of the spin vector direction with reference to the inertial frame, 
S I is the moment of inertia (MOI) of spacecraft about spin axis (z-axis). Note that ( , )
Wind-Mill Behavior:
In Eqs (7) and (8) 
Eq. (7) indicates that the spin vector tends to circle around a equilibrium point ( , ) eq eq α δ with a converging or diverging    radius, depending on the sign of A . The circling direction is determined by the sign of B . Eq. (8) indicates that the spin rate tends to increase or decrease at a constant rate, depending on the sign of C .
Simplified sail model based on GSSM
The GSSM (Eq. (5)- (6)) indicates that the SRP torque of any single-spinning sail craft with arbitrary sail shape and optical parameter distribution can be expressed with only three torque parameters A , B and C . This suggests that any spinning sail craft can be simplified to an axisymmetric circular sail model with a uniform optical parameter (Fig.6 ) in which only two deformation angles play direct role for the attitude behavior:
one is "effective" outer-plane deflection angle η , and the other is "effective" torsion angle ξ .
If we apply a standard SRP model shown in Reference 13) , the SRP torque parameters A , B and C are related to η and ξ by the following equations 9,10) 
In Eq. (10)- (11), we denote 
Torque parameters estimation using in-flight attitude determination data
To estimate the torque parameters from the flight data (spin axis direction w.r.t. inertial frame and spin rate), the following equations are derived from Eqs. (5)-(6).
where α Δ , δ Δ and ΔΩ are attitude differences between two neighboring operation passes, and t Δ is the time difference between those two passes, 1/ 2 t is the midpoint of those two passes. In order for Eq.(12) to work properly, note that t Δ should be small enough compared with the temporal behavior of Eqs. (5)- (6) .
Eq.(12) provides torque parameters normalized by the sun distance and the spin rate. Hence Eq.(12) is supposed to extract changes only in the sail shape and optical property, and independent of the sun distance and the spacecraft attitude state.
We estimated the torque parameters AΩ % , BΩ % and C % for IKAROS using the flight data between June 9, 2010 and October 1, 2010 (Fig.9) Once we get the estimated values of AΩ % , BΩ % and C % , we can further derive the sail deformation angles η and ξ from Eq.(9) and Eq.(16) . Figure 11 shows the result, in which the nominal sail optical parameters shown in Table 1 are assumed. It is observed from Fig.7 and Fig.8 that the torque parameters and effective deformation has linear relations with the spin rate. This is due to magnitude change in the outer-plane deformation of the sail for different spin rate, which produces different centrifugal force.
Also seen in Fig.7 and Fig.8 is the fluctuations of each estimated point. This is due to limited attitude determination accuracy and also to changes in the sail structural and material properties, such as wrinkles distribution change, material degradation, etc.
4.
Application of GSSM to IKAROS Trajectory Guidance
Trajectory guidance strategy
The primary objective of attitude control in IKAROS is trajectory control. It is important to control the sun angle to properly produce the SRP acceleration for solar sailing. The attitude is also restricted by spacecraft configurations. The operational sun angle is restricted within 30 degree due to solar power generation, thermal design and communication antenna conditions in the actual IKAROS operation.
Although the spacecraft is spin-stabilized, the spin axis of IKAROS achieves this sun angle restriction without extensively utilizing spin-axis reorientation control. Most of the spin-axis direction control is done by exploiting the spiral behavior. As described by Eq. (7), the spin axis tends to "stick" to the sun direction instead of keeping the direction with reference to the inertial frame (Fig.2) .
The trajectory of IKAROS is controlled and evaluated with respect to the Venus B-plane. The attitude (i.e. sail orientation w.r.t. the sun) is controlled by combining the free motion (i.e. Eq. (5)- (6)) and active attitude controls by RCS and RCD.
The sensitivity of the sail orientations to the ballistic projection points on the Venus B-plane are evaluated with variety of attitude. (Fig.9). 
Implementation of GSSM to trajectory guidance scheme
Since the free motion of IKAROS is obtained as functions of time by Eqs. (7)- (8), it is easily implemented to the orbit propagators. Conceptually it can be written as 
where ( , ) α δ n is a direction vector in the inertial frame determined by ( , ) α δ . Fig.10 shows the result of the B-plane based guidance of IKAROS. The 3-sigma ellipsoids of the projection points on the Venus B-plane obtained by three orbital determination results are drawn in the figure. In this covariance analyses, uncertainties in the attitude determination, optical property are taken into account as well as orbital determination error.
Trajectory guidance result
Note that IKAROS does not have a pre-specified target point on the Venus B-plane. However it can be seen from this figure that the radius of ellipsoids decreases concentrically, which indicates that the propagation model (with the active sail orientation control) works properly for guidance purpose.
Conclusion
This paper described a modeling of attitude dynamics of spinning solar sail spacecraft under influence of solar radiation pressure. The resulting model called the "Generalized Spinning Sail Model" (GSSM) was verified and actually exploited in the attitude and trajectory guidance operation of Japanese interplanetary solar sail demonstration spacecraft IKAROS. IKAROS shows a unique attitude behavior due to strong SRP effect, which is shown to be fully explained by the GSSM in this paper.
The three SRP torque parameters appearing in the GSSM were estimated using in-flight attitude determination data, which was then used for the zero-fuel spin axis control and the Venus B-plane based solar sail trajectory guidance.
As a result, the attitude control and trajectory guidance of IKAROS in the nominal mission phase has been done successfully, revealing that the GSSM is a practical way of modeling spinning spacecraft under large solar radiation pressure, such as solar sailers, for trajectory guidance and attitude control purposes.
